Abstract Experiments were performed to study the change in sludge characteristics and sludge granulation during the start-up of a thermophilic methanol-fed upflow anaerobic sludge bed (UASB) reactor. The laboratory scale reactor, was inoculated with thermophilic granular sludge and operated at 55°C over 130 days at organic loading rates (OLR) varying from 2.7 to 47 gCOD.L -1 .d -1 . Physical characterisation was performed for both the seed and the cultivated sludge. Results demonstrated that a good quality, well settleable granular sludge was cultivated and retained in the reactor, allowing an OLR of 47 gCOD.L.d -1 with 93% of methanol removal, where 79% was converted into methane. Using a community analysis of the cultivated consortia, high numbers of rod-shaped hydrogenotrophic methanogens were enumerated. Biomass washout coincided with a high specific gas load, but was not detrimental to the system in the conditions tested.
Introduction
Thermophilic anaerobic wastewater treatment could represent an attractive option for various specific methanol-containing hot wastewaters such as evaporator condensate from the pulp and paper industries. Immobilisation of methanogenic consortia is of crucial importance in the so-called anaerobic "high-rate" reactors, where the solids retention time (SRT) is uncoupled from the hydraulic retention time (HRT). An important feature of the generally applied sludge bed reactors, is the formation of granular sludge that culminates in the form of settleable, stable and balanced bio-granules (Hulshoff Pol, 1989) . Regarding high temperature conditions, it is often reported that process stability and immobilisation of bacteria are more difficult to achieve under thermophilic conditions than under mesophilic conditions, as briefly reviewed by van Lier (1996) .The formation of dispersed sludge might partly be attributed to the higher degree of sludge mineralisation under thermophilic conditions which, consequently, results in a lower amount of extracellular polymers (Schmidt and Ahring, 1994) that are believed to play an important role in bacterial adhesion.
There has been a limited number of studies conducted on the thermophilic granulation mechanism, compared with the extensive quantity of studies on mesophilic granulation (e.g. Syutsubo et al., 1998; Wiegant, 1985) . Successful sludge granulation on methanol-fed UASB reactors operating under mesophilic conditions has been reported by several researchers (Lettinga et al., 1979; Fukuzaki and Nichio, 1997; Bhatti et al., 1995) . However, to our knowledge any reference with respect to granulation in thermophilic reactors when using methanol as substrate could not be found in the literature.
The objectives of this study were to investigate the change in sludge characteristics and the quality of the sludge formed in a UASB-reactor treating methanol-containing wastewater under thermophilic conditions (55°C), starting with thermophilic granular sludge.
Methods

Continuous experiments
The sludge was cultivated in a 5.1 L glass UASB reactor, which was equipped with a double wall connected to a 55°C waterbath recirculator (Julabo, MB-Basis, Germany). The reactor was inoculated with 1,170 g granular wet sludge from a pilot plant UASB reactor treating paper mill wastewater at 55°C (Paques Biosystems BV, Balk, The Netherlands) that was originally inoculated with mesophilic granular sludge from a UASB reactor, treating paper mill wastewater at 40°C. Effluent recirculation was imposed to the system. Table 1 presents the operating conditions of the UASB reactor.
Methanol was used as the sole organic carbon source. The concentration in the stock solution was 2.7 gCOD.L -1 (day 0-60) and 5.4 gCOD.L -1 (day 61-130), while 0.33 g sodium bicarbonate was added per 1g methanol.L -1 , to ensure pH stability. The reactor was supplemented with macro and micro nutrients; 2.22 ml of a stock solution (Paulo et al., 2000) was added for each gram influent COD.L -1 .
Physical characterisation
Physical characterisation was determined for both the seed and the cultivated sludge. For the cultivated sludge, samples were taken from the reactor at the end of the experiment (day 131), when the reactor was operated at an OLR of 47.3 g COD. L -1 .d -1 and HRT of 3.2 h. Prior to analyse seed sludge samples were stored at 4°C. Size distribution, density and settling properties of the sludge were determined by using a modified sedimentation balance as described by Hulshoff Pol (1989). The granule strength was measured with a "tension and compression" test apparatus (Overload Dynamics S900, Schiedam, The Netherlands).
Analyses
A detailed description of the analytical procedures for determination of methanol, volatile fatty acids (VFA), biogas composition, hydrogen, methane, VSS/TSS/ASH and COD has been presented elsewhere (Paulo et al., 2000) .
Co 2+ and Ni 2+ were determined by flame atomiser in an atomic absorption spectrometer (Varian model SpectraA 300, Springvale, Australia). The burning gas for the flame was a mixture of air:acetylene (2:1). The extraction of trace elements from the sludge was done according to Lustenhouwer and Hin (1990) .
The most probable number (MPN) technique is described elsewhere (Beliaeff and Mary, 1993) . MPN series were made in basal bicarbonate buffered medium according to Stams et al., 1993 .
Results and discussion
Sludge characteristics
Overall reactor performance and kinetic data on the acetate and methanol consuming methanogenic activity were shown elsewhere (Paulo et al., 2000) . Results showed a decrease in the acetate consuming methanogenic activity by 55.6%; while the specific methanol conversion rate increased by 110%. The sludge properties changed significantly during the 130 days of continuous reactor operation ( Table 2 ), indicating that new biomass was retained in the reactor and attached to the granular inoculum. The colour of the sludge changed gradually during reactor operation from black to light brown-yellowish. There was a considerable increase in the average size of the granules but a significant reduction in their density. This reduction was probably due to the fact that the seed sludge was obtained from a pilot plant treating paper mill wastewater with a water hardness of 700 mg Ca.L -1 . TSS and ash content of the seed sludge were also higher, i.e. 37.1% and 72.4% for the seed sludge and 21.4% and 48.6% for the cultivated sludge, respectively. It should be noted that the seed sludge consisted of a large inorganic fraction, likely sand and/or CaCO 3 precipitates that accumulated in the anaerobic reactor. Growth of new biomass without a concomitant increase in the inorganic fraction may have resulted in a lower strength and settling velocity of the cultivated sludge compared to the seed sludge. The importance of calcium on methanogenic granules formation has been demonstrated in several studies (Hulshoff Pol et al., 1983; Mahoney et al., 1987) . Other study (Grotehhuis et al., 1991) , has shown that the removal of calcium from the granules, reduced their strength or caused complete disintegration.
The nickel and cobalt concentrations changed significantly. Nickel concentration decreased from 23.8 to 16.4 µg/gTSS, and cobalt increased from 11.9 to 28.2 µg/gTSS. It is remarkable that cobalt concentration was 22.4 times lower than the sludge treating methanol under mesophilic conditions, where methanol was directly converted to methane by methylotrophic methanogens (Florencio, 1994) . Our previous study (Paulo et al., 2000) , indicates that in the current cultivated consortia, methanol is very likely syntrophically degraded via H 2 /CO 2 . This is confirmed further by a community analysis of the sludge. Using the most probable number technique, high numbers (10 9 per ml sludge) of rodshaped hydrogenotrophic methanogens were enumerated. With methanol, growth up to the 10 -8 dilution of sarcina-shaped microorganisms was observed. Research is in progress to enrich and identify by molecular biological techniques the microorganisms, which degrade methanol in syntrophic association with methanogens. Interestingly, a lower requirement for cobalt has been reported for the thermophilic hydrogenotrophic methanogen Methanobacterium thermoautotrophicum; for growth on H 2 and CO 2 as sole energy and carbon source, the requirement for nickel was found to be higher than for cobalt and molybdenum (Schönheit et al., 1979) .
The suspended solids COD concentration was analysed during phases II and III. No suspended solids were introduced into the reactor through the influent, thus the suspended solids measured are merely washed-out biomass. However, it remains unclear whether the washed-out biomass comes from the original inoculum or from the newly grown biomass. The washout of biomass increased after day 106, when the recirculation ratio and OLR were increased to 3.5 and 47.3 g COD.L -1 .d -1 , respectively, resulting in a relative high upflow velocity and high gas load (Figure 1 ). Average SS-COD concentration was 286.2 mg COD.L -1 in this period (last twenty days of phase III), i.e. 3.7 times higher than during the other periods (Figure 2 ). The rinsed fraction could be characterised as fluffy and spongy biomass, while granular sludge was effectively retained by the system. The bacterial growth, determined by theoretical calculation (Paulo et al., 2000) was on average 30% higher than the biomass washout, explaining the continuous increase of the sludge bed (Figure 1) . The wash-out of sludge particularly in phase III may be explained by the increased turbulence while it was practically absent in phase II as shown in Figure 1 .
Formation of good quality granular sludge depends, amongst other factors, on the application of appropriate selection pressure for granular growth (Hulshoff Pol, 1989) . Quite contrasting results are found in the literature concerning sludge granulation. Bhatti et al. (1993) , suggested that bacterial aggregation/biogranulation may vary considerably with the type of substrate, the metabolic pathway and the cultivation conditions. Grotenhuis (1992) found that attached growth occurred preferentially in a mixed bacterium consortium of hydrogen producing bacteria and hydrogenotrophic methanogens under mesophilic conditions. The same was observed by Syutsubo et al. (2001) in a recent study, where the presence of a symbiotic microbial community between acetogens and hydrogen utilising (mgCOD.L -1 ) Figure 2 Effluent COD concentration. The total COD is expressed by the whole bar, in which the upper blank part is ssCOD and lower black part is soluble COD methanogens was shown to be of great importance for the enhancement of thermophilic granulation.
From Table 3 it can be concluded that sludge granulation was successfully achieved under mesophilic conditions when methanol was present in the substrate composition, independently of the type of seed sludge or the dominant microorganisms. Sludge characteristics are comparable to those found in the present study at 55°C, indicating that methanogenic-sludge granulation in thermophilic UASB reactors is easily possible with methanol as the sole substrate.
Conclusions
Good quality, well settleable granular sludge was cultivated and retained in the reactor, allowing an OLR of 47 gCOD.L.d -1 with 93% of methanol removal, where 79% was converted into methane. Biomass wash-out was closely related to a high specific gas load. Wash-out was not detrimental to the system at the conditions tested. 
